I. INTRODUCTION
A LOT of interest has been shown recently on nearly lattice-matched AlInN/GaN high electron mobility transistors (HEMTs) with a content of indium of around 17% as very attractive devices for high-power amplifiers at microwave frequencies [1] . A record current gain cutoff frequency ( f T ) of 370 GHz is reported in [2] for a 30-nm-gate-length device. A maximum oscillation frequency ( f MAX ) of 220 GHz simultaneously obtained with an f T of 205 GHz is also given in [3] for the same gate length value. Power amplifiers using AlInN/GaN HEMT technology on SiC substrate with a 0.25-μm gate length have been realized at X-band and K-band [4] , [5] , confirming the potential of this technology. Low-noise performance on a 0.1-μm-gate-length HEMT is also reported in [6] with a minimum noise figure of around 0.6 dB at 10 GHz. The absence of strain in the AlInN/GaN heterostructure is beneficial for improving the reliability of the devices compared with conventional AlGaN/GaN transistors [7] , [8] .
In spite of these advantages, the AlInN/GaN technology suffers from an important gate leakage current dominated by Frenkel-Poole emission and from the presence of traps and threading dislocations [9] - [11] . Low-frequency dispersion of the output conductance attributed to trapping phenomena is also reported in [12] . The low-frequency dispersion of the output conductance or transconductance was largely investigated in GaAs MESFET and III-V HEMTs during the past (mainly up to 100 kHz), and a large bibliography can be found in the literature on this topic. It was also observed in AlGaN/GaN HEMTs and may be attributed to traps located in the GaN channel layer, at the AlGaN/GaN interface or at the surface area [13] - [16] . Trapping of carriers are generally responsible of parasitic effects, such as the virtual second gate [17] , which directly impacts the power amplifier characteristics [18] , the noise properties [19] , and the reliability of the devices [20] .
In this paper, we report a very broadband frequency dispersion of small-signal parameters in AlInN/GaN HEMTs up to microwave frequencies. The output conductance exhibits a positive frequency dispersion (i.e., it increases as the frequency grows) for all the bias conditions up to 1 GHz. The frequency dispersion of the transconductance is less pronounced, but both positive and negative dispersions are observed depending on the drain source voltage (V DS ). The very broadband nature of the dispersion suggests distributed time constants associated with trapping-detrapping effects, as mentioned by others [13] , [15] . Based on S-parameter measurements versus bias and temperature conditions, we propose a small-signal model including parasitic networks which takes into account the different behaviors experimentally observed. An analytical model, which could also be used in the low-frequency range, is employed to describe the distribution of time constants. This model is very useful in improving the physics-based knowledge of these effects and can provide a valuable feedback to improve the technology currently under development.
II. DEVICE AND EXPERIMENTAL SETUP

A. Device Technology
A cross-sectional schematic of the AlInN/GaN HEMT is presented in Fig. 1 . The layers are grown on an SiC substrate. The heterostructure consists of a 1.7-μm-thick insulating GaN buffer layer, followed by a 1-nm-thick AlN spacer layer and a 11.5-nm-thick AlInN layer with 18.7% of indium content. The device is passivated with a 250-nm-thick Si 3 N 4 layer. The gate length is 0.25 μm and the total gate width is 150 μm. The gatesource and gate-drain distances are 0.5 and 2 μm, respectively. The details of the epitaxial and technological processes can be found in [5] . V DS =17 V 
B. Experimental Setup
On-wafer measurement results reported in this paper are realized using an automatic vector network analyzer (ZVRE, Rohde & Schwarz). S-parameters are measured between 100 kHz and 4 GHz. The low-frequency value of the experimental setup is limited by the bias tees. Short open load thru method is used to calibrate the network analyzer. Temperature measurements are realized using a cryoprober (PMC200, Süss Microtec). Additional S-parameter measurements are done up to 40 GHz (with NE5230C, Agilent) to determine the extrinsic elements of the equivalent circuit. Finally, the Y -parameters are calculated and transferred to a circuit simulator. It is difficult to separate thermal effects from trapping effects with electrical measurements since both are temperature dependent. All the measurements are realized when the transistor is thermally stabilized corresponding to a stable drain current. Thermal effects with large time constants are then minimized.
III. EXPERIMENTAL RESULTS
A. Output Conductance Dispersion
The real part of Y 22 divided by the measured value at 100 kHz (output conductance ratio) is plotted in greater than 13 V. We report a ratio of 500% and 1700% at V DS = 15 and 17 V, respectively. The imaginary part of Y 22 versus frequency is shown in Fig. 3 . The positive values indicate a capacitive behavior of the output impedance and the different peaks strongly depend on V DS . At high-field values, a large peak appears between 100 kHz and 1 MHz, which is shifted toward high frequencies when V DS grows. A time constant (τ ) generally associated with a relaxation or trapping process is derived from the frequency value of the peak. The inset of Fig. 3 reports the variations of the logarithm of τ versus the square root of V DS , along with a linear fit. This corresponds to a typical field-assisted emission of trapped carriers, known as the Poole-Frenkel effect [21] . For V DS values less than 10 V, the time constant of this trap is increased and the corresponding peaks are out of the measurement frequency range. The behavior of the output susceptance is also different because a broad peak is present for frequencies ranging from 1 to 5 MHz. Fig. 4 represents the variations of the imaginary part of Y 22 versus frequency measured at V DS = 13 V at three distinct temperatures, indicating that the field-assisted process is also thermally activated, in agreement with [21] . 
B. Transconductance Dispersion
The real part of Y 21 divided by the measured value at 100 kHz (transconductance ratio) is plotted in Fig. 5 versus frequency for several values of the drain-gate voltage (V DG ). The frequency dispersion is not as significant as that of the output conductance and is less than 8% for all the investigated bias points. Several cases can be observed. For V DG less than 3 V, a negative frequency dispersion is present in the whole frequency range. When V DG is increased, a positive dispersion occurs at low-frequency and the negative dispersion disappears when V DG is greater than 6 V. This behavior was described in GaN MESFETs [22] . The negative dispersion was observed and intensively studied in GaAs MESFETs at lowfield values [23] , [24] and in AlGaN/GaN HEMTs [14] - [16] . It is generally attributed to surface states in the ungated regions of the devices.
Dispersion effects are also observed on several 0.15-μm-gate-length devices issued from a different process. The broadband frequency behavior and the amplitude variations of the extrinsic parameters are globally the same as those reported in this paper. Moreover, the results exhibit a high degree of repeatability during an intensive characterization throughout five days. Fig. 6 represents the simplified intrinsic small-signal model of the transistor including dispersion effects when only a single trap is considered [25] . C gs , g m , and g d represent the gate-source capacitance, the transconductance, and the output conductance, respectively. The dispersion effects are taken into account with the parasitic circuit where g 0 and C 0 are parameters related to the modification of the channel conductance. The voltage-controlled current source (with transconductance g m0 ) is due to the detrapping current and is frequency dependent. At high frequency, the trap cannot follow the AC voltage swing and this additional source is constant. The main difference between our model and the one proposed by Golio et al. [25] , is the command voltage (V x ), which can either be the gate-source voltage (V gs ) or the drain-gate voltage (V dg ), depending on the type of dispersion. The Y -parameters are given for each case by the following equations:
IV. MODELING
A. Small-Signal Model Including a Single Trap
Case 1:
Case 2:
Y 0 corresponds to the admittance of the g 0 −C 0 series network and is given by the following compact expression:
τ = C 0 /g 0 corresponds to the time constant of the process. We have restricted the discussion to Y 21 and Y 22 because the dispersion is not observed on Y 11 and Y 12 . Case 1 corresponds to the positive frequency dispersion of transconductance, whereas case 2 stands for the negative one. The minus sign in (3) indicates that the detrapping current flows in the opposite direction of the 2-D electron gas current, suggesting that the carriers are not the same. Equations (1)- (4) are well-adapted to describe the frequency dispersion behavior experimentally observed in Section III. The model can be extended to other situations if the sense of the parasitic current source is changed in the equivalent circuit. In that case, the Y -parameters are given by Case 3:
Case 4:
Equation (9) corresponds to the negative dispersion of the output conductance (or to the inductive behavior of the output impedance) already observed elsewhere [26] , [27] .
It is well known that the access resistances could impact the extrinsic Y -parameter values. However, the intrinsic parameters (Y 21 and Y 22 ) are frequency dependent and the derivation
P arasitic N etw ork of analytical relations becomes very tedious and differs from the aim of this paper.
B. Small-Signal Model Including Distributed Time Constants
Up to nine discrete parasitic networks, corresponding to 27 additional elements, are needed in some cases to obtain a good agreement with experimental data. The discrimination between the different trapping processes involved in the frequency dispersion is then difficult. The use of distributed time constants in the model is an alternative solution to reduce the number of parameters and to smooth the frequency response compared to a lumped approach.
Generation-recombination noise sources with a continuous distribution of time constants between τ 0 and τ 1 have been proposed to explain the 1/ f spectrum in semiconductors, assuming that the time constant distribution function g(τ ) is given by [28] 
where Ln stands for the Neperian logarithm. Equation (10) could correspond to different possibilities [29] : carriers interacting by tunneling with traps spatially distributed at an interface, distribution in activation energies, or carriers interacting with acoustical phonons. The model with a single trap is modified by integrating the expression of Y 0 between τ 0 and τ 1
G 0d and B 0d correspond to the real and the imaginary parts of the parasitic admittance (Y 0d ), respectively. This integral can easily be solved and we get
The Y -parameters of the intrinsic equivalent circuit can be obtained when Y 0 is changed into Y 0d in (1)-(4) . The complete small-signal model of AlInN/GaN HEMTs including extrinsic elements is represented in Fig. 7 . Trapping effects including distributed time constant is taken into account with the current source g mp V x associated with Y 0d . The transconductance g mp is given by 21 and Y 22 at the same time, indicating that several trapping processes are present in the device. Two current sources are controlled by V gs and the others are controlled by V dg . This behavior is the most complicated to describe because opposite processes (i.e., positive and negative dispersions) are present and can cancel each other out, as shown at V GS = 0 V in the low-frequency range. At V GS = −1.5 V (V DG = 4.5 V), the negative dispersion is reduced and only one current source controlled by V dg is used. This could be due to an extension of the space charge region in the gate-drain region which reduces the number of trapped carriers. The variations of the transconductance versus frequency measured at V GS = −1 V for several values of V DS larger than 10 V are reported in Fig. 9 . In this case, the negative dispersion has disappeared and four parasitic networks with current sources controlled by V gs are used. These additional parasitic networks are correlated to the apparition in the measured frequency range of a fieldassisted process. The positive frequency dispersion of the transconductance could be attributed to electron traps whereas the negative frequency dispersion could be due to hole traps at the surface as demonstrated in GaAs MESFETs [30] and AlGaN/GaN HEMTs [16] and V GS = −1 V are given in Table I (extrinsic parameters), Table II (intrinsic parameters of the conventional model), and Table III (dispersion effects) . The variations of the output conductance versus frequency measured at V GS = −1 V for several values of V DS are presented in Fig. 10 . The comparison with experimental data is presented in two different plots to appreciate the deviation between the calculated and measured values. At high field, the dispersion is dominated by the Frenkel-Poole effect, as previously suggested. The corresponding value of the parasitic conductance g 0 is largely higher than g d , which indicates the presence of an additional conductive channel probably due to dislocations in the AlInN barrier layer. The time constants involved in the different processes cover a large range of values between 1 ns to 1 ms. The distribution of traps is in the range 0.5-10 Å, assuming a tunneling coefficient of 10 10 m −1 [29] . It corresponds to a distribution of activation energies in the range 0.02-0.25 eV. . Our results indicate that the proposed model is well adapted to describe the frequency dispersion of AlInN/GaN HEMTs in several conditions. It could be used to understand the nature and the dynamic behavior of the trapping-detrapping processes. It could provide useful information on the physics of the frequency dispersion phenomena. Original expressions including distributed time constants are proposed in this way. The noise behavior of this technology is currently under investigation and the small-signal model proposed in this paper will be used to study the noise sources in GaN devices in the presence of generation-recombination centers. Nonlinear modeling of GaN transistors in the presence of dispersion effects is currently a critical issue: our approach stands as the first step to include these effects in a complete large-signal model.
VI. CONCLUSION
The frequency dispersion of the transconductance and output conductance in AlInN/GaN HEMTs was investigated in this paper. The dispersion effects exhibited a broadband behavior up to 1 GHz. A small-signal model including trapping effects with distributed time constants was proposed. It is based on an analytical expression of the parasitic output admittance and is very useful to understand the physics involved in frequency dispersion. Different behaviors such as positive and negative dispersion of the transconductance can be accurately described. Excellent agreement was obtained for a large number of bias conditions. 
